Abstract The advent of multimodal neuroimaging has provided acute stroke care providers with an armamentarium of sophisticated imaging options to utilize for guidance in clinical decision-making and management of acute ischemic stroke patients. Here, we propose a framework and potential algorithm-based methodology for imaging modality selection and utilization for the purpose of achieving optimal stroke clinical care. We first review imaging options that may best inform decision-making regarding revascularization eligibility, with a focus on the imaging modalities that best identify critical inclusion and exclusion criteria. Next, we review imaging methods that may guide the successful achievement of revascularization once it has been deemed desirable and feasible. Further, we review imaging modalities that may best assist in both the noninterventional care of acute stroke as well as the identification of stroke-mimics. Finally, we review imaging techniques under current investigation that show promise to improve future acute stroke management.
Introduction
The clinical spectrum and management of stroke may vary widely based upon multiple lesion-specific factors. Consequently, advanced stroke imaging has become an integral tool in acute stroke diagnosis and care.
Reopening occluded vessels is a mainstay of interventional strategies in acute ischemic stroke; therefore, eligibility determination for such therapies is the first priority that must be addressed in patients suspected of having acute ischemic stroke. The only FDA-approved therapy for reopening vessels in acute ischemic stroke is intravenous tissue plasminogen activator (tPA). Other interventions are endovascular and include delivery of intra-arterial (IA) thrombolysis and mechanical thrombectomy. Each of these interventions requires the use of neuroimaging to assess that certain inclusion and exclusion criteria are met for each therapy's safe and efficacious use. Neuroimaging historically has been and remains most commonly relied upon to exclude acute cerebral hemorrhage for determination of tPA eligibility. However, neuroimaging has also become relied upon to determine eligibility for and likely feasibility of endovascular treatments. This is chiefly through identifying at-risk, but viable and ischemic tissue, as well as the collateral status of the involved cerebrovascular territory (Fig. 1) .
In addition to its utility in acute therapies, neuroimaging may also be helpful in guiding a variety of other acute stroke management strategies that span from augmenting cerebral perfusion towards salvage of at-risk tissue to ameliorating the effects of mass effect from acute intracranial hemorrhage and edema. Each of these treatments benefits from specific neuroimaging techniques that afford proper diagnostic assessment to optimize treatment planning.
The principal aim of this review is to provide an empirically based, data-driven overview of advanced imaging techniques that are the most valuable for clinical decisionmaking in acute stroke. We provide a framework for appropriate consideration of the extensive information provided by multimodal CT and MR modalities in acute stroke patients. Within the context of a pragmatic, time-and costsensitive protocol, we attempt to define a set of the most useful questions that a stroke clinician may ask of neuroimaging to answer.
Use of Imaging to Determine Revascularization Treatment Eligibility

Intracranial Hemorrhage Assessment
The primary contraindication to IV or IA thrombolysis in treatment of acute ischemic stroke is the presence of intracranial hemorrhage (ICH) at the time of presentation; as the most likely mimic of acute ischemic stroke, ICH's timely and definitive detection is therefore critical. Noncontrast computed tomography (NCT) is the most widely available and used image technique for detecting ICH. For MRI, gradient echo (GRE) imaging is as good as or better than NCT for assessing ICH [1] . While clinical symptoms of subarachnoid hemorrhage (SAH) are typically different than those with ischemic stroke, the two may overlap in symptomatology. Furthermore, the two can be seen together when vasospasm, a frequent complication of SAH, leads to acute ischemia. GRE is less sensitive than NCT for detection of subarachnoid blood; however, MRI FLAIR appears to be comparable or even superior [2] . Lumbar puncture is still the standard for recognizing CT-and MRI-negative SAH [3] .
Reperfusion Hemorrhage Assessment
When considering IVor endovascular treatments to reestablish perfusion, risk and benefit are inherently related. Reperfusion has the potential to either save tissue or cause hemorrhage (Fig. 1) . Several neuroimaging methods have been utilized to predict which patients may develop reperfusion-related hemorrhage after successful revascularization. Infarct size is the most established risk factor for reperfusion-related hemorrhage. Evidence of infarct volume of greater than 70-100 cc on diffusion-weighted MRI (DWI), perfusion CT (CTP), or NCT should give pause, as patients with such strokes are more likely to sustain reperfusion-related hemorrhage and poor outcome [4] , [5] .
Furthermore, ischemic infarcts that appear >1/3 of the MCA territory also should give pause to thrombolytic treatment based upon the post-hoc observation in the ECASS Fig. 1 The imaging variables on the left of the diagram represent increased likelihood of reperfusion hemorrhage and therefore should prompt one to consider withholding of reperfusion therapy. The degree to which the presence of each variable should sway the clinician against reperfusion is reflected by the length of each arrow. The variables listed on the right of the diagram suggest a patient is likely to benefit from reperfusion. Again, the length of the arrow is proportional to how heavily each variable should be weighted in clinical decisionmaking. Volumes are measured in milliliters (ml). Mismatch ratio is expressed as "at risk tissue/infarcted tissue". The collateral grades are as follows: Grade 0 (no visible collateral to the ischemic site), Grade 1 (slow collaterals to the periphery of the ischemic site with persistence of some of the defect), Grade 2 (rapid collaterals to the periphery of ischemic site with persistence of some of the defect and to only a portion of the ischemic territory), Grade 3 (collaterals with slow but complete angiographic blood flow of the ischemic bed by the late venous phase), Grade 4 (complete and rapid collateral blood flow to the vascular bed in the entire ischemic territory by retrograde perfusion) (Higashida, Furlan et al. 2003) . Note that the presence of cerebral microbleeds, FLAIR positivity, and aneurysms <10mm are weighted significantly less than all other variables.
trial that these patients were most likely to suffer from hemorrhagic complications [6] . For this reason, NINDS and PROACT II excluded strokes with volume greater than 1/3 MCA in their studies. A standardized way to discern infarct size on CT is the Alberta Stroke Program Early CT (ASPECT) score. It has been shown that an ASPECT score <7 is a reliable way to discern whether >1/3 of MCA is involved [7] . Having an ASPECT of <7 also predicts higher rates of reperfusion related hemorrhage with IA or IV thrombolytics [8] .
Perfusion imaging can also be useful in assessment of reperfusion-related hemorrhagic risk. For a given large volume of infarct (100 ml), perfusion-weighted MRI and CT may suggest high risk of hemorrhagic complication if Tmax is delayed at least 8 seconds or if the mean CBV is less than 1.8 ml/100 g, respectively [9] , [10] . Signs that indicate blood-brain barrier permeability may also indicate a higher risk of reperfusion-related hemorrhage [11] , [12] , [13] .
GRE frequently identifies cerebral microbleeds that may reflect an underlying vasculopathy and possible predisposition to hemorrhagic transformation [14] , [15] . This frequent incidental finding on MRI begs the question of whether these microbleeds affect the risk of reperfusion-related hemorrhage. The BRASIL study, the largest of its kind, evaluated the association between microbleeds on GRE and symptomatic ICH in thrombolytic-treated stroke. Of BRASIL patients, 15 % had microbleeds, emphasizing how common this incidental finding may be. Symptomatic ICH was seen in 5.8 % of patients with microbleeds and 2.7 % of those without: a small and not statistically significant difference, suggesting no definite increased risk of tPA-related hemorrhage in the presence of the former [16] . Although presence of microbleeds does not clearly convey increased risk, some have argued that specific location of cerebral microbleeds in fact does [17] . In total, however, current evidence does not support <5 cerebral microbleeds as a contraindication to reperfusion therapy. It is noteworthy that, in the event that GRE sequences are unavailable or unreadable, B0 images on DWI can rule out intracerebral hemorrhage but probably not microbleeds [18] , [19] .
While presence of an unruptured cerebral aneurysm is considered a relative contraindication to IV tPA in treatment of acute ischemic stroke, there is no definitive evidence to suggest that tPA increases risk of aneurysmal rupture. Moreover, there is even data to suggest that its use is relatively safe in patients with aneurysms <10 mm in diameter [20] .
Revascularization Treatment Eligibility for Strokes of Unknown Duration
Seminal animal studies have shown that restricted diffusion of water from cytotoxic edema occurs within minutes of stroke onset, while a net increase in water detected as increased T2 FLAIR signal occurs on the order of 1-4 hours [21] , [22] , [23] . Consequently, DWI hyperintensity and concurrent FLAIR isointensity are seen in acute ischemic stroke of typically <4.5 hours duration. Therefore, in cases of unknown symptom duration such as in "wake-up strokes," DWI and FLAIR may be considered together as a potential surrogate for time for determination of revascularization eligibility. Thomalla et al. 2011 studied 543 patients with acute stroke and known symptom onset. In this patient population, DWI-FLAIR mismatch identified patients within 4.5 hours of symptom onset with a PPV of 83 % and a NPV of 54 %. This suggests that FLAIR negativity should be weighted somewhat heavily in favor of giving IV lytics, while FLAIR positivity should be weighted less heavily in favor of withholding IV lytics [24• ]. There was a great deal of variance in time to FLAIR positivity in Thomalla et al.'s sample, which raised an interesting point. Some patients progress to FLAIR positivity rapidly, while in others the cellular events resulting in endothelial breakdown, vasogenic edema and FLAIR hyperintensity take longer. This gives rise to the notion of the "tissue clock" which would differ significantly from the time clock. According to the tissue clock hypothesis, patients presenting beyond an approved time for reperfusion therapy could still be eligible because the cellular events underlying the risk of late reperfusion will have not yet occurred. More work and additional imaging metrics are likely needed to constitute a tissue clock reliable enough to guide therapy. Neuroprotective strategies such as intravenous magnesium designed to slow these intracellular events can now be delivered in the prehospital setting. Therefore the establishment of a neuroimaging tissue clock has the potential to make more patients eligible for revascularizing therapies [25] .
Exclusion of Stroke Mimics
Ischemic stroke is a common etiology for sudden-onset neurological symptoms; however, other causes of neurological dysfunction may also present similarly. Therefore, imaging may help corroborate ischemia and exclude its mimics. Restricted or abnormal diffusion-weighted imaging (DWI) on MRI and reduced cerebral blood volume (CBV) on CTP both provide comparably sensitive indices for acute ischemia [26] . However, abnormalities of diffusion and perfusion can be seen in stroke mimics as well. In seizure, for example, diffusion and perfusion abnormalities can occur that may be distinct from those in ischemic stroke. On perfusion imaging, signs of hyperemia, such as decreased mean transit time (MTT), increased CBV, and cerebral blood flow (CBF), may be seen, particularly if imaging is performed during the seizure. On the other hand, postictally, seizure can have similar perfusion signatures to those of acute ischemic stroke with increased MTT, decreased CBV and CBF [27] . Areas of restricted diffusion or perfusion abnormalities in interconnected cortical, hippocampal, and thalamic regions, that do not respect vascular territories should prompt consideration of seizure rather than stroke [28] . Like seizure, posterior reversible leukoencephalopathy (PRES) may also mimic ischemic stroke but show hyperemia on perfusion imaging [29] . Venous infarcts are often associated with parenchymal hemorrhage and distinct patterns of restricted diffusion on MRI, hypodensity on CT, or hypoperfusion on perfusion imaging. These findings should prompt further examination of possible sinus venous thrombosis, cortical vein thrombosis, or malignant dural arteriorvenous fistula [30] , [27] . Mass lesions should also be considered as potential stroke mimics but it is beyond the scope of this review to compare the findings on CT, MRI, and perfusion imaging in the protean neoplasms that can affect the brain.
Imaging Findings That Predict Likely Need for and Response to Reperfusion Therapy
Identification of the Patient with Mild Symptoms who may Worsen Clinically
There are a significant number of patients that are eligible for IV and endovascular reperfusion therapies, but who do not receive them. The most common reason for withholding IV tPA among patients arriving within 3 hours is mild neurologic impairment and/or rapidly improving symptoms [31] , [32] . While the majority of patients with minor strokes do well, a significant fraction of them unfortunately clinically worsen after the decision to withhold revascularization is made. In one large retrospective study of ischemic stroke patients, 27 % received IV TPA therapy but a further 31 % were excluded because their symptoms were either considered too mild or were rapidly improving. Subsequently, a third of these untreated patients became functionally dependent or died [33] . In another analysis of patients eligible for either IV or IA therapy who went untreated because of mild or improving symptoms, 10 % had infarct expansion and neurologic deterioration [34] . Thus, additional studies have been proposed to help clarify which patients with minor ischemic stroke most likely will clinically worsen and, as a result, may benefit most from reperfusion therapy. While persistent large vessel occlusion likely increases the risk of clinical deterioration and infarct expansion [34] , utilization of neuroimaging to identify salvageable tissue and characterize collateral flow has seemingly great potential to aid in this determination of which mild strokes may best benefit from reperfusion treatment.
Quantification of at Risk but Viable Brain Tissue
The goal of reperfusion therapy in acute stroke is to save brain tissue that is ischemic but not yet infarcted. Therefore the central task of perfusion imaging is to discriminate infarcted core from the ischemic penumbra.
On MRI, infarct core is best described by areas of restricted diffusion. However, DWI can actually be somewhat dynamic, and other MR variables may also be considered to represent infarct core [35] , [36] . The characterization of brain that will go on to infarct is more elusive and several perfusion parameters have been argued to correlate well with brain at risk of infarction. One often-used parameter to estimate regions of brain at risk on perfusion MRI (PWI) is Tmax greater than 6 seconds [37] , [38] . One reason for the elusive nature of describing at-risk brain tissue with perfusion imaging is that imaging represents a single snapshot of perfusion status: the true perfusion status of tissue is likely a much more dynamic process reflecting collateral dynamics, volume status, and blood pressure over the course of hours to days. While diffusion sequences on MRI are relatively easy to read and interpret, perfusion images require time intensive post-processing to generate the qualitative relative CBV and MTT measures. Therefore, it is worth noting that percentage of baseline at peak (PBP) which is similar to but less sensitive than CBV requires less postprocessing to generate and is more rapidly available for review [39] .
NCT is not sufficiently sensitive to distinguish areas of infarction. However, infarct core is well represented by areas of decreased absolute CBV below 2 ml/100 g on CTP. As is the case for perfusion-weighted MRI, at-risk ischemic tissue is likely to be harder to define. However, it is reasonable to use a relative MTT of greater than 145 % of the contralateral hemisphere [40] . MTT thresholds may help to distinguish between areas of benign hypoperfusion and at-risk brain [41] .
Acute stroke patients with relatively large penumbra and relatively small infarct core are thought to be the most likely to benefit from reperfusion therapies. Major trials have been both negative and positive in testing this heuristic. This has largely depended on the ratio of penumbra volume to core infarct volume, i.e., the mismatch ratio. When the mismatch has a binary definition (mismatch or not) a mismatch cutoff of >60ml [42] or ratio>1.8 [43•] has supported the strategy of reperfusion while using smaller mismatch ratios of 1.2-1.4 have produced conflicting results.
The EPITHET and DEFUSE trials defined patients with mismatch as those with a penumbra/core ratio of 1.2 or greater. In both trials, patients were treated in a late 3-6 hour time window. In EPITHET, tPA resulted in more frequent reperfusion, less infarct growth, and better outcomes than placebo. In DEFUSE, there was a favorable clinical response to acute thrombolytics in patients with mismatch but not in those without mismatch. In DIAS and DEDAS trials patients with mismatch greater than 1.2 were treated at a late time point (3-9 hours) with two doses of desmoteplase. In these trials, desmoteplase had better reperfusion and clinical outcomes than placebo. However using this same ratio based definition of mismatch , DIAS-2 failed to confirm a benefit of desmoteplase. When the data from these three trials was pooled, there was a trend in benefit (p =0.08) for desmoteplase over placebo. If the minimum mismatch was defined volumetrically as greater than 60 ml, desmoteplase had a significant benefit over placebo.
In DEFUSE-2 patients received endovascular intervention up to 12 hours from stroke onset regardless of mismatch profile. Reperfusion was associated with good clinical outcome in patients with target mismatch (perfusion/diffusion ratio of 1.8 or higher), but not in those without target mismatch [43•] . MR-RESCUE was an endovascular reperfusion trial that showed no difference between standard medical care and endovascular intervention in all patients regardless of a favorable or unfavorable penumbral pattern [44•]. Again the mismatch ratio was relatively small in this negative trial with a penumbra to core ratio of about 1.4.
Assessment of the Presence of Robust Collaterals Perfusing Penumbral Tissue
Vast networks of arterial and venous collaterals can be recruited to support penumbral tissue during acute stroke. Strategies such as permissive hypertension, hypervolemia, and the use of vasopressors are commonly used in clinical practice despite a paucity of evidence to suggest their utility. While none of these strategies have been adequately studied, the degree to which they may augment cerebral perfusion is likely accomplished through collateral flow. Additionally, it has been postulated that collateral flow may facilitate washout of occlusive and partially occlusive emboli [45] .
The support of collateral flow is a specific goal of external counterpulsation which enhances coronary circulation collaterals and is currently under investigation in ischemic stroke as well [46] While conventional cerebral angiography is the gold standard to characterize and quantify these alternative flow routes [51] , other more readily available, noninvasive imaging methods provide fast, effective estimation for purposes of clinical management.. Contrast-enhanced CTA, contrasted MRA, and noncontrasted MRA may provide evidence of the presence or absence of collaterals, a means of grading collaterals, and the potential origin of collateralized flow [49], [52] . CTA's major limitation is primarily the computationally intensive generation of maximal intensity projections. MRA is largely limited to identifying collaterals at the circle of Willis. Apart from dedicated vessel imaging, FLAIR imaging of vascular hyperintensity may also provide useful information about the presence of collateralized vessels [52] .
Dynamic susceptibility contrast perfusion with CT or MR as well as more direct measures of tissue perfusion such as Xenon-enhanced CT, SPECT and PET may show an area of slow blood flow at the periphery of the proximally occluded vessel's territory. However, this finding only implies collateral flow in the periphery as these methods provide a metric of blood flow at any particular voxel but no direct information about its arterial origin. Noncontrast arterial spin labeled perfusion MRI may also show a peripheral predominance of delayed arterial transit suggestive of prominent collateralized flow which can be graded for a particular arterial vascular territory [52] , [53] , [54] .
Specific Imaging Findings that Should Prompt Consideration of non-Thrombolytic Endovascular Treatment Strategies
Assessment of Clot Burden which Correlates with Outcome and Response to Thrombolytic Therapy Both structural CT and MRI methods have been used to estimate clot size in patients presenting with acute ischemic infarction. The presence of CT hyperintensity within the proximal MCA, known as the hyperdense/hyperintense MCA sign (HIMCAS), is known to indicate an arterial occlusion [55] . The susceptibility vessel sign (SVS) on MRI GRE likewise indicates the presence of occlusive thrombus in the MCA [56] . Indeed these CT and MRI findings correlate closely with each other [57] . The presence of thrombi in smaller vessels including M2 branches has been demonstrated with CT [58] and validated with angiography [59] . Thrombi are likewise detectable in the posterior circulation [60] and intracranial carotid arteries [61] . The clot burden score based on CT imaging was developed to define the extent and location of a thrombus in the anterior circulation by scoring clot located in the ICA, ACA, proximal and distal MCA and M2 MCA segments [49] .
The presence of a thrombus on structural imaging has been correlated with poor outcome. Prior to routine treatment with tPA, the presence of HIMCAS was associated with larger stroke, higher NIHSS, and worse outcome [62] . Additionally, MCA thrombus was found to associate with early tissue changes on CT and poor outcome [63] .
Despite the advent of routine tPA therapy for acute infarct patients, outcomes have remained worse in stroke patients presenting with a HIMCAS or SVS. In the large SITS-ISTR registry of patients receiving tPA, the presence of HIMCAS was associated with worse presenting NIHSS and worse outcomes, including lower independence and higher mortality [64] . The clot burden score has likewise been associated with worse outcomes and final infarct size despite tPA administration [65] . The presence of HIMCAS over 10 mm in length was associated with poor recanalization rates after tPA [66] , and SVS was associated with poor recanalization after tPA in a second cohort [67] . TPA remains the standard of care for this population [68] because a significant number of patients will improve with this therapy despite large clot.
Information Regarding the Composition of the Clot and Likelihood of Successful Mechanical Reperfusion
Endovascular therapies provide various approaches for potential treatment of acute ischemic stroke. The mechanisms for removing thrombi include aspiration and mechanical retrieval using coils or stents, and the susceptibility of different clots of different composition to mechanical intervention is an area of active investigation.
A histological analysis has shown that HIMCAS or SVS associated thrombi have a higher percent composition of red blood cells, while those unassociated have a predominance of fibrin [69] . Previous studies have shown significant heterogeneity of the structure of red blood cells, platelets, fibrin and nucleated blood cells [70] . HIMCAS associated thrombi have been found to be more amenable to recanalization with the Merci endovascular device than those seen as isodense on CT [71•] . A similar finding was made that found that clots with lower density on noncontrast CT were associated with lower rates of successful recanalization in patients receiving both thrombolytic and endovascular therapies [72] . The reason for the difference in successful recanalization in these cases is not entirely clear.
Additional studies combining histological analysis and structural imaging data will need to be performed in order to definitively correlate thrombus composition with neuroimaging findings. Moreover, the effectiveness of stent retriever devices for clots of different composition types will need to be systematically studied in order to predict the effectiveness of these newer endovascular devices for thrombi of different types.
Sonothrombolysis is an alternative method currently under investigation and in use for the dissolution of clots in the acute setting. A review of the randomized and nonrandomized trials involving sonothrombolysis have shown improved recanalization rates and improved outcomes, and larger randomized controlled trials are indicated to fully establish its effectiveness [73] . A recent in vitro study showed better ultrasonic clot dissolution in clots with lower fibrin concentration [74] . In vivo studies relating sonothrombolysis effectiveness with clot composition will need to be performed to confirm its clinical significance.
Imaging Identification of Unique Mechanisms and Types of Acute Stroke
Identification of Acute Carotid or Vertebrobasilar Dissection Leading to Specific Treatment
In patients presenting with acute stroke, a history of neck pain, relatively young age, or lack of other likely mechanism for embolism may increase suspicion of carotid or vertebral artery dissection. The high spatial and temporal resolution of conventional angiography makes this technique the reference standard for diagnosis of dissection [75] . The classic finding of an intimal flap at the proximal margin of the dissection or a double lumen is seen in less than 10 % of cases, and the more common findings on angiography are a distal dissecting aneurysm (25-35 %) or a tapered narrowing of the artery (65 %) [75] . Conventional angiography does not convey information regarding the nature of an intramural hematoma, and narrowing seen can be mistaken for atherosclerosis [76] . Moreover, conventional angiography is an invasive procedure carrying a small, yet significant risk of complication [77] .
CT-and MRI-based methods are now in routine use for the diagnosis of suspected dissection. CT/CTA methods describe the shape of the arterial lumen and the presence of arterial wall thickening with high resolution but are associated with significant ionizing radiation. MRI/MRA methods describe the true lumen at a lower resolution but additionally offer information regarding the diffusion restricted intracerebral lesions and the presence of methemoglobin within a thrombosed false lumen of the dissection using T2* fat-saturated sequences [78] . Technical advances in multidetector CT and CTA image reconstruction as well as time-resolved MRA and MRI hardware advances have improved the sensitivity of both methods. Although some groups have suggested that CT-based methods have some edge in dissection detection, particularly for vertebral arteries [78, 79] , currently there is no definitive evidence that favors either CT-based or MR-based methods for the diagnosis of carotid or vertebral artery dissection [80] . Ultrasound techniques are also used for the identification of vertebral and carotid dissection.
Patients presenting with ischemic stroke and carotid artery dissections have worse outcomes after tPA than those patients without dissection, yet the rate of complications including intracranial hemorrhage is not higher in the dissection population [81] . As such, tPA for patients presenting within the treatment window is generally indicated regardless of the presence of dissection. The decision to initiate either antithrombotic or anticoagulation in the acute stroke patient with dissection is typically made after considering the size of the infarct and apparent presence of a thrombus at the dissection site. Owing to the lack of randomized controlled trials, there is no clear evidence for the treatment of dissection with antiplatelet or anticoagulation in acute ischemic stroke [82••, 83] . The ongoing randomized CADISS study has been undertaken to address this particular question.
Endovascular stenting has been investigated for patients presenting with acute ischemic stroke and dissection. Case series have shown stenting to have a high rate of successful stent placement and low recurrence of stroke [84, 85] . Complications including TIA, intimal tears, and hematoma formation were noted, and the vessel was noted to reocclude in a number of patients. At this point, stent placement for patients with acute dissection is not routinely performed due to lack of available outcome data [86] .
Identification of Malignant MCA Syndrome and Early Management Measures
Large territory MCA infarcts resulting from a proximal middle cerebral or internal carotid artery infarct results in edema leading to progressive neurologic deterioration and death in 50-70 % of cases, and is termed "malignant MCA syndrome" [87, 88] . Diffusion-weighted and perfusion MRI within 6 hours of onset of symptoms has been noted to predict the development of malignant MCA syndrome with high positive and negative predictive value with DWI volumes of greater than 82 ml [89] . Multiple early parenchymal CT signs including obscuration of the lentiform nucleus, insular ribbon sign, and sulcal effacement have been found to be predictive of large territory MCA infarct [63] .
Numerous randomized controlled trials have looked at the benefit of craniotomy for prevention of fatal or disabling outcomes in the presence of neuroimaging findings consistent with malignant MCA syndrome. A pooled analysis of three European trials (DECIMAL, DESTINY, HAMLET) looked at outcomes in patients younger than 60 presenting with DWI lesions greater than 145 ml or CT evidence of a greater than 50 % MCA lesion receiving hemicraniectomy within 48 hours or conservative management [90] . A dramatic increase in rate of survival was found for those patients who underwent surgery. Further analysis of the final HAMLET trial results demonstrated that patients who underwent surgery had an absolute risk reduction of 16 % in likelihood of severe long-term functional disability [91••] . Additionally, early surgical decompression (<6 hours from presentation) was associated with lower mortality (8.3 %) compared to late (around 3 days from presentation) or no decompression [92] .
Despite the clear survival benefit for patients presenting with large MCA territory infarcts, a number of questions remain regarding management of these patients [93] . First, the evidence for improved functional outcomes, especially in terms of independence with activities of daily living, is less robust than the survival benefit and must be weighed when making the decision for early surgical intervention. Second, the randomized studies have been performed on patients less than 60 years of age, and a benefit in patients greater than 60 is not clear.
Identification of Posterior Circulation Infarcts and Specific Management Considerations
Up to 20 % of ischemic infarcts involve the posterior circulation. Prompt identification of these patients allows consideration of specific treatment strategies. The constellation of presenting symptoms in posterior circulation infarcts including focal weakness, depressed consciousness, autonomic dysfunction, jerking movements in the case of basilar ischemia, and bulbar signs can make the diagnosis of acute ischemic stroke challenging in many of these cases. Therefore, neuroimaging may be especially needed in discerning etiology of posterior circulation syndromes. Noncontrast CT is typically insensitive for posterior fossa infarcts due to beam hardening artifact, with the sensitivity only 42 % in one series of patients with confirmed posterior fossa infarcts [94] . In another series of patients presenting with symptoms concerning for a posterior fossa syndrome, noncontrast CT was felt to be a satisfactory modality in 80 % of cases [95] . Other clues to the presence of a posterior fossa infarct include the presence of a hyperdense basilar artery sign [96] . IV tPA remains the standard treatment for patients with posterior circulation infarcts [97] , but endovascular therapy with stent retrieval systems show high rates of recanalization [98] , even if randomized trials have not been performed to establish improved clinical outcomes.
The identification of an acute cerebellar infarct is particularly important because it, if large enough or associated with significant edema, can lead to brainstem compression. In patients who have been correctly identified as having a posterior circulation infarct, follow-up neuroimaging can identify compression of the fourth ventricle, hydrocephalus, or deformity of the brain stem [99] . In patients with neuroimaging evidence of brainstem compression or hydrocephalus and a declining neurologic exam, management options include extraventricular drainage and suboccipital decompressive craniotomy. There is no clear evidence favoring either approach owing to the lack of systematic clinical trials [100] , but suboccipital decompressive craniotomy does appear to be a safe approach for malignant cerebellar infarction [101] .
Investigational Approaches for Neuroimaging That may Offer Additional Important Information to Guide Intervention
Perfusion Data can be Obtained in the Angiography Suite, Thus Bypassing the pre-Angiogram Multimodality CT or MRI Flat panel detector angiography is a method using a rotational C-arm mounted flat panel detector to reconstruct highresolution three-dimensional images in the angiography suite. Flat panel detector angiography is able to generally describe the anatomy of the cerebral parenchyma, but the quality is not high enough to evaluate for hypoattenuation or other signs of acute infarct [102•] . Flat panel detector angiography measures of cerebral blood volume were found to correlate well with those of CT perfusion [103••] . A proposal has been to potentially bring patients directly to the angiogram suite for perfusion and vessel imaging with flat panel angiography to assess for potential endovascular intervention if future technical development and clinical trials support such a method [104] .
Resting State Functional MRI Used to Assess Tissue Viability and Potential for Recovery Functional MRI methods can be used to describe the functionally connected networks that are active at rest. In a recent study, Golestani et al. obtained resting state MRI for stroke patients acutely and after 90 days [105] . In patients with motor symptoms, interhemispheric connectivity was impaired, and in patients with recovery of motor function, connectivity was reestablished. A second study showed disruption of the attentional resting state network correlating with neglect after nondominant hemisphere stroke [106] . Resting state MRI remains a research protocol, but in the future this approach could predict ultimate outcomes or guide functional therapies such as transcranial magnetic stimulation [107] .
Diffusion Tensor Imaging to Assess Potential for Recovery Within White Matter Tracts
Diffusion tensor imaging (DTI) is a technique that uses six or more isotropic diffusion weighted images to describe the microstructural integrity of axons within white matter. White matter tractography is a postprocessing technique applied to DTI that allows for the mathematical reconstruction of white matter tracts. DTI tractography applied to patients at an acuteto-subacute timepoint of less than 12 hours after symptom onset focused on pyramidal tract integrity and found that disrupted white matter integrity correlated closely with motor function outcome [108] . Other studies have correlated subacute stroke DTI findings of arcuate fasciculus microstructural integrity with language outcome [108] . Interestingly, use of the increased number of diffusion weighted images in DTI has been shown to have increased sensitivity for acute ischemic stroke [109] . At this point DTI remains a research imaging protocol, but this method is currently under investigation as a marker of potential functional outcome and as a marker of ischemia in acute ischemic stroke.
Additional Technical Imaging Developments That
Have the Potential to Improve Stroke Neuroimaging in the Near Future Ultrahigh-field MRI at 7 Tesla has been used for clinical research studies for the past several years. Owing to the higher field strength, this technique offers higher spatial resolution. A study of subacute and chronic stroke patients imaged at 7 T has shown improved resolution of FLAIR, T2 and T2* images [110] . Moreover, MR angiography offers the potential for markedly improved resolution of distal vessels, including M2 and M3 MCA branches [110] , and the resolution offers the potential for evaluating individual lenticulostriate arteries [111] . Ultrahigh field MRI is not ready for routine clinical use for a number of reasons, including peripheral nervous system stimulation, uncertain safety characteristics of stents or other implants safe at 3 Tesla, and increased field artifacts at airbrain interfaces and at the cerebral periphery [112] .
High-resolution imaging of the arterial vessel wall is an approach under investigation. This approach uses T2-or FLAIR-weighted MRI for the evaluation of vessel wall and is able to differentiate arterial stenosis from atherosclerotic plaque in MCA [113] and basilar arteries [114] . Dynamic contrast-enhanced MRI has been used to identify carotid atherosclerotic plaques that are affected by inflammation [115] , and imaging characteristics of carotid arteries have been correlated with subsequent infarct [116] . The improved resolution with 7T MRI allows for vessel wall analysis in smaller vessels and in vessels that do not have atherosclerotic plaques [117] . High-resolution vessel wall imaging is not used for routine clinical decision-making, but this approach has the promise of offering detailed information that could lead to different interventions.
More Sophisticated Analysis of Multiple Neuroimaging Findings Resulting in Improved Acute Stroke Management
Multiparametric models combining CT perfusion values or a combination of structural T2, perfusion and diffusion MRI data have been used to predict the eventual size of infarct [118] . One recent study demonstrated an accuracy of 74 % for a multiparametric model using diffusion and perfusion MRI data [119] . Other approaches have used regional as opposed to voxelwise [120] or neural network analytic [121] approaches.
At this point, these advanced models have not been systematically used to guide therapy decisions. Additional predictive modeling with patient historical and clinical data in combination with structural and perfusion imaging data may serve to improve the identification of patients who may benefit from medical or endovascular interventions.
Conclusions
This review highlights the numerous neuroimaging methods that may aid in the sequential decision-making process of acute ischemic stroke management. Most commonly, neuroimaging provides rapid and vital information regarding eligibility for and feasibility of medical and/or endovascular reperfusion. For patients presenting with symptoms consistent with stroke, both MRI and CT modalities yield reliable evidence about the presence of intracranial hemorrhage. Additionally, they both aid in determination of infarcted and at risk brain tissue, and they may help predict the risk of reperfusion injury after successful vessel recanalization. Moreover, there is promise that MRI may be used as a surrogate for time when ischemic stroke duration is unknown, thereby expanding eligibility for acute stroke treatment.
The utility of neuroimaging goes beyond informing the decision of whether to implement reperfusion therapy or not. Initially, it is useful in the identification of etiologies that may clinically mimic stroke. In addition, it plays a critical role in surgical planning and management of life-threatening and/or large territory strokes, as well as in identifying large-vessel vasculopathies such as dissection. The past few decades have seen remarkable strides in the diagnosis and management of acute ischemic stroke through the advent of novel imaging techniques, medical treatments and promising endovascular therapies. Ongoing development and refinement of diagnostic imaging innovations will only continue to further this remarkable progress.
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